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Introduction

Titanium dioxide has great potential application in a wide
range of fields such as photocatalysis, solar energy, and gas
sensing, originating from its unique physical and chemical
properties.[1–3] Inexpensive TiO2 is stable with respect to photo-
corrosion and chemical corrosion over prolonged periods of
time. In addition, TiO2 is a good semiconductor photocatalyst
for the degradation of organic compounds, mainly because
the redox potential of the H2O/·OH couple (OH�= OH + e� ;
Eo =�2.8 V) lies within its band gap.[4] These properties
depend on their size, shape, and crystal phase.[5–7] Among all
TiO2 crystal phases, anatase TiO2 provides excellent applica-
tions.[8] Theoretical calculations have indicated that the {001}
and {100} facets of anatase TiO2 are active facets with high sur-
face energies, whereas the thermodynamically most stable sur-
face facets are {101}.[9] According to the Wulff construction, the
equilibrium shape of an anatase crystal is enclosed by the
most stable {101} facets that account for 94 % of the total sur-
face, leading to limited activity for anatase crystals.[10] To en-
hance the activity of TiO2, strategies for the synthesis of well-
defined anatase crystals with a large percentage of exposed
high-energy {001} or {100} facets have been proposed.[11] For
example, TiO2 nanocuboids[12] and nanorods[13] with large per-
centages of {100} facets exhibited higher photocatalytic activity
(three times) than the commercial P25 for the reaction with

hydroxyl radicals (·OH).[14] Dye-sensitized solar cells featuring
TiO2 photoanodes with about 10 %, 38 %, and 80 % exposed
{001} facets provided overall conversion efficiencies of 7.47 %,
8.14 %, and 8.49 %, respectively.[15]

Alternatively, the photocatalytic activity of TiO2 can be en-
hanced by doping with transition metals such as silver, gold,
and platinum.[16] Traditional TiO2 (band gap 3.0 eV for rutile
and 3.2 eV for anatase) photocatalysts is effective only upon ir-
radiation of UV light, with potential damage to human cells.[17]

To provide photocatalytic activity induced by visible light, TiO2

nanoparticles (NPs) doped with metallic species and nonmetal-
lic species such as carbon, nitrogen, sulfur, and silver have also
been prepared.[18–21] Among them, silver-doped TiO2 NPs are
the most attractive for the antibacterial application.[20, 21] How-
ever, concern about their toxicity to animals and cells has been
raised.[22] Thus, preparation of biologically friendly and cost-ef-
fective antibacterial agents is essential.

Herein, we prepared anatase TiO2 nanorods (NRs) having
large active {100} facets that were further doped with tellurium
and selenium through hydrothermal reactions. Selenium NPs[23]

possessed strong ability to inhibit the growth of Escherichia
coli (E. coli) and Staphylococcus aureus (S. aureus), whereas tel-
lurite (TeO3

2�) ions and Te nanomaterials (NMs) effectively in-
hibited the growth of penicillin-insensitive bacteria.[24] The ca-
pability of generation of hydroxyl radicals (·OH) of the as-pre-
pared Sen/Te-TiO2 NRs in aqueous solution and their antibacte-
rial activity against E. coli and S. aureus under irradiation with
visible light were evaluated.

A facile method for the preparation of Te- and Se/Te-doped
anatase TiO2 nanorods (NRs) with exposed {100} facets, which
provides high photocatalytic and antibacterial activity under ir-
radiation with visible light, is developed. Sodium titanate nano-
tubes are formed from commercial TiO2 nanoparticles (P25) in
NaOH through a hydrothermal reaction. The as-prepared Na-ti-
tanate nanotubes are then used to form Te-TiO2 nanotubes in
the presence of tellurite (TeO3

2�) ions and NaBH4. Upon further
hydrothermal reaction, the Te-TiO2 nanotubes are transformed
to form Te-TiO2 NRs that further form Sen/Te-TiO2 NRs through

a reduction of selenite (SeO3
2�) ions with NaBH4. The Te-

TiO2 NRs and Sen/Te-TiO2 NRs have highly active {100} facets
and thus provide the photocatalytic activities for the genera-
tion of ·OH at 2.5 and 4.5 times higher than that of commercial
P25, respectively. The Te-TiO2 and Sen/Te-TiO2 NRs exhibit
higher antibacterial activities against E. coli and S. aureus than
P25 when activated by visible light. These stable and biocom-
patible Te-TiO2 and Sen/Te-TiO2 NRs hold great potential as
potent antibacterial agents.
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Results and Discussion

Synthesis of Sen/Te-TiO2 NRs

Sodium titanate nanotubes were prepared from TiO2 NPs (P25)
on a large scale through a hydrothermal route to give nano-
particles of uniform morphology.[25] Two main mechanisms that
have been suggested for the formation of Na-titanate nano-
tubes are: 1) rolling of Na-titanate nanosheets (100) along the
[010] direction,[26] and 2) bending and folding of Na-titanate
multisheets.[27] The TEM image depicted in Figure 1 A reveals
the formation of Na-titanate nanotubes, with (13.8�4.3) nm in
diameter and (6.1�1.9) mm in length. The reduction of the ad-
sorbed TeO3

2� ions on the Na-titanate nanotubes with NaBH4

at 25 8C resulted in the formation of Te-TiO2 nanotubes, which
were further transformed into Te-TiO2 NRs (Figure 1 B) at
200 8C. Transformation of Na-Titanate nanotubes into anatase
TiO2 NRs in a basic medium by using a hydrothermal method
has been reported.[13] Through acid or centrifugation treat-
ment, most of the adsorbed sodium ions on titanate nano-
tubes were removed. In this study, the adsorbed sodium ions
were replaced by Te4+ ions, leading to decreases in the solu-

tion pH value from 13.0 to 9.5. The Te4+ ions were further re-
duced by NaBH4 to form a part of the crystal lattices during
the transformation of Te-titanate nanotubes to Te-TiO2 NRs.
The SEM image depicted in the inset to Figure 1 B displays that
the NRs had well-defined lateral facets with sharp edges and
adjacent perpendicular facets, with width (106�13) nm and
length (824�115) nm. Elemental mapping images of Ti, O, and
Te on a single Te-TiO2 NR (Figure 1 C) obtained by applying
a high-angle annular dark-field scanning TEM energy-dispersive
X-ray spectroscopy (HAADF-STEM-EDX) reveal that Ti, O, and Te
signals are well distributed throughout the NRs. The high-reso-
lution (HR) TEM image (Figure 1 D) recorded along the [001] di-
rection of the Te-TiO2 NRs shows three sets of lattice fringes
with spacings of 4.8, 3.5, and 3.5 �, which are assigned to
{002}, {101}, and {10�1} facets, respectively. Along with the SEM
and TEM images, and the crystallographic symmetries of TiO2

anatase, the surfaces of these well faceted Te-TiO2 NRs are
identified as lateral {100}, {101}, and top {001} (inset in Fig-
ure 1 B). We point out that the {100} facets of the as-prepared
Te-TiO2 NRs are the main exposed lateral facets. To investigate
the formation of Te-TiO2 NRs from Te-TiO2 nanotubes, we re-
corded time evolution SEM images (Figure S1 in the Support-

ing Information) over the course
of the reaction (0–12 h). Some
NPs became apparent at the re-
action time of 4 hours, mean-
while the NPs gradually grew up
and the length of nanotubes de-
creased over the reaction period
of 4–8 hours. The formation of
the Te-TiO2 NRs was completed
at the reaction time of 12 hours.
The transformation process pro-
ceeded through dissolution and
nucleation. At the beginning,
the surfaces of Te-TiO2 nano-
tubes gradually decomposed to
produce Ti(OH)4 fragments and
hydroxy ions.[9] Then, the Ti(OH)4

fragments rearranged to share
edges through a dehydration re-
action, resulting in the formation
of anatase seeds. Subsequently,
Ti(OH)4 fragments diffused to
the surface of the TiO2 seeds to
form larger TiO2 NPs. Because
the hydroxy ions gradually re-
leased from nanotubes and pref-
erentially adsorbed onto anatase
(100) facets, lowering the surface
energy of (100) facets, and di-
recting the crystal growth along
the a- and b-axis.[23]

To increase the photocatalytic
activity of the as-prepared Te-
TiO2 NRs in the visible region, we
used selenium as a second

Figure 1. TEM images of the (A) Na-titanate nanotubes and (B) Te-TiO2 NRs. Inset to (B): SEM image of Te-TiO2 NRs.
(C) HAADF-STEM-EDX mapping of one representative Te-TiO2 NR for Ti, O, and Te elements, separately. (D) HRTEM
image of Te-TiO2 NRs.
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doping element based on that fact that it can shift
the absorption to the visible as a result of its small
band gap (2.0 eV).[28] In addition, selenium itself can
also generate the electron-hole pairs and thus Se NPs
have been used for degradation of organic dyes
under illumination.[29] Furthermore, TiO2 and selenium
can form an n-TiO2/p-Se diode in which the photo-
current is produced by transferring electron from
TiO2 to selenium when exposed to visible light (Fig-
ure S2).[30] We carried out a controlled experiment
using SeO3

2� ions instead of TeO3
2� ions for the syn-

thesis of Se-TiO2 NRs. However, only spherical Se NPs
and TiO2 NPs were obtained, mainly because the
melting point of Se is low (217 8C). In other words,
some of Se atoms might be melted from the surfaces
of TiO2 nanotubes during the hydrothermal reaction
(200 8C). By controlling the concentration of selenite
(SeO3

2�) ions, we prepared Sen/Te-TiO2 NRs containing
different amounts of Se atoms through a reduction
mediated by NaBH4. The ICP-MS measurements re-
vealed that the weight percentages of Se in the
three samples of Sen/Te-TiO2 NRs are 1.8, 5.2, and
6.5 % when using SeO3

2� ions of 2, 5, and 10 mm as
the precursors, respectively. The percentages of Te in
the Te-TiO2 NRs and three Sen/Te-TiO2 NRs were all
around 5.7 %. For simplicity, the three as-prepared
Sen/Te-TiO2 NRs are represented as Se0.02/Te-TiO2,
Se0.05/Te-TiO2, and Se0.07/Te-TiO2 NRs, respectively. The
SEM image, EDX spectrum, TEM image, and HAADF-
STEM-EDX of Se0.07/Te-TiO2 NRs as shown in Figure S3,
reveal that the morphology of Se0.07/Te-TiO2 NRs did
not change during the process of Se reduction, and
Te and Se were both present in Se0.07/Te-TiO2 NRs.

Figure 2 A shows the XRD patterns of commercial
TiO2 NPs (P25), Na-titanate nanotubes, Te-TiO2 NRs,
and the as-prepared Sen/Te-TiO2 NRs. The characteris-
tic facets of {101}, {103}, {004}, {112}, {200}, {105}, and
{211} are assigned for the anatase crystal phase, and
facets {110} and {101} corresponds to the rutile crystal phase,
revealing the presence of anatase and rutile TiO2 crystal phases
in the P25 sample (curve a). On the other hand, no anatase or
rutile peaks are assigned in the Na-TiO2 nanotubes (curve b). In
contrast, the diffraction peaks of Te-TiO2 and Se0.07/Te-TiO2 NRs
reveal that their structures are mainly anatase phases (curves c
and d). The Raman spectra shown in Figure 2 B further confirm
the XRD results. The strong peaks at 139, 192, 392, 511, and
635 cm�1 correspond to the anatase phase and the weak
shoulder at 441 cm�1 is a characteristic peak of the rutile
phase, thereby supporting the observation that P25 has both
phases. The Na-TiO2 nanotubes did not show these characteris-
tic Raman peaks. The five Raman modes with strong intensities
at 140, 196, 390, 514, and 632 cm�1 for the Te-TiO2 and Se0.07/
Te-TiO2 NRs further confirmed that their structures are mainly
anatase phases. The peaks at 122 and 266 cm�1 are assigned
to the Te lattice vibration and Te-O vibration of the oxide
layer,[31] while the peak at 256 cm�1 corresponds to amorphous
Se vibration.[32] The chemical compositions of the as-prepared

Se0.07/Te-TiO2 NRs were further confirmed by conducting XPS
measurements. Figure 3 reveals the existence of Se, Te, and Ti
in the Se0.07/Te-TiO2 NRs. The binding energies of Ti 2p3/2 and
Ti 2p1/2 are at 458.4 and 464.1 eV, respectively (Figure 3 A), indi-
cating a similar oxidation state of the Ti element to that of
bulk TiO2.[33] The peaks at 572.5 and 582.4 eV correspond to
Te 3d5/2 and Te 3d3/2 (Figure 3 B), respectively. Meanwhile the
two peaks at 575.6 and 586.0 eV are attributed to tellurium(IV)
oxide.[34] The TeO2/Te ratio is 0.67, revealing the formation of
tellurium oxide on the surfaces of the Te-TiO2 NRs as a result of
their highly reactive and easily oxidizable properties.[35] The
peaks at 54.9 eV and 61.7 eV are assigned for Se 3d (atom) and
Ti 3s, respectively.

Photocatalytic activities of the as-prepared nanomaterials

Figure 4 A displays the UV/Vis absorption spectra of the
TiO2 NPs, Te-TiO2 NRs, and Sen/Te-TiO2 NRs. The doping of ele-
mentary Te into the TiO2 lattice induced a shift of the maxi-

Figure 2. (A) XRD and (B) Raman spectra of the (a) TiO2 NPs, (b) Na-titanate nanotubes,
(c) Te-TiO2 NRs, and (d) Se0.07/Te-TiO2 NRs.
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mum absorption wavelength from 300 to 350 nm; this shift
occurs because Te has a smaller band gap than that of TiO2

(0.3 vs. 3.2 eV).[36] The growth of Se to Te-TiO2 NRs further en-
hanced the absorbance in the visible-light region (nominal
wavelength at 500 nm). Upon increasing the content of Se in
the Sen/Te-TiO2 NRs, the absorbance increased. The long-tail ab-
sorption in the visible region (500–800 nm) was attributed to
the absorption of the selenium thin layer or NPs.[29] The photo-
catalytic activities of TiO2 NPs, Te-TiO2 NRs, and Sen/Te-TiO2 NRs
were evaluated by measuring the formation of active ·OH
upon irradiation.[37] Figure 4 B displays the fluorescence spectra
of the mixtures of terephthalic acid (TA; 3 mm), NaOH (10 mm),
and Se0.07/Te-TiO2 NRs that had been irradiated under visible
light for various periods of time. To start, TA is nonfluorescent
whereas upon reaction with ·OH its product (2-hydroxytereph-
thalic acid; TAOH) has strong fluorescence at 420 nm. Upon in-
creasing irradiation time, the fluorescence intensity of the solu-
tion at 420 nm increased gradually. The Se0.07/Te-TiO2 NRs pro-
vided about 4.5 and 1.8 times higher photoactivity than that of

the TiO2 NPs and Te-TiO2 NRs, respectively. To provide further
evidence of the formation of its product TAOH during the pho-
tocatalytic process, we conducted electrospray ionization mass
spectrometry (ESI-MS) as shown in Figure S4. The product
TAOH was detected after 60 minutes of reaction time. We also
compared the photocatalytic activity of the as-prepared Te-
TiO2 and Sen/Te-TiO2 NRs by using the same concentration of
NRs (Figure S5). All these results indicate that the Se contrib-
utes to the enhanced photocatalytic activity. The anatase
TiO2 NRs with exposed {100} facets[13] relative to TiO2 NPs pro-
vided greater photocatalytic activity (Figure S6). The enhanced
photocatalytic activity of Te-TiO2 NRs compared to TiO2 NPs is
a result of the structure effect (dominant {100} facets) and
changes in the electronic state.[38–41]

As a control, solutions containing TA (3 mm) and NaOH
(10 mm) in the presence of TeO3

2� ions, SeO3
2� ions, Te nano-

wires (NWs), or Se NPs were subjected to irradiation under the
same conditions (Figure S7). In the absence of the ions and
NMs, the fluorescence intensity was nearly constant over the ir-
radiation period. These results reveal that the formation of
TAOH was due to the reaction of TA and ·OH generated from
the NMs during the photocatalytic process.[42] Among the ions
used and NMs, Se NPs provided the most strong photocatalytic
activity ; however, the activity is less than 10 % of the Se0.07/Te-

Figure 3. XPS spectra of Se0.07/Te-TiO2 NRs. (A) Ti, (B) Te, and (C) Se and Ti.

Figure 4. (A) Absorption spectra of TiO2 NPs, Te-TiO2 NRs, and three Sen/Te-
TiO2 NRs. (B) Changes in the fluorescence of TA solution under light irradia-
tion in the presence of the Se0.07/Te-TiO2 NRs. Inset to (B): comparison of
photocatalytic activity of the four as-prepared NMs and TiO2 NPs.
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TiO2 NRs. The Te NWs and TeO3
2� ions showed less than 10 %

of the photocatalytic activity of that of Te-TiO2 NRs (Figure S7).
Upon increasing the concentration of the as-prepared NMs
from 100 mg to 10 mg, their photocatalytic activity (TAOH for-
mation) increased as shown in Figure S8.

Antibacterial properties of the as-prepared NMs

Antibacterial properties of the five NMs against E. coli and
S. aureus were investigated. Representative microscopic images
of E. coli in lysogeny broth (LB) media that had been incubated

in the presence and absence of Se0.07/Te-TiO2 NRs under visible-
light irradiation for 60 minutes are depicted in Figure 5 A,B.
The green and red images correspond to live and dead E. coli,
respectively. The percent viability values of the E. coli cells in
the media in the absence of any NMs, and in the presence of
one of the five NMs with/without being subjected to irradia-
tion for 60 minutes are plotted in Figure 5 C,D. Live/dead ratios
of bacteria were used to represent the antibacterial activity.
The fluorescence approach allowed counting all bacteria at the
same time, thus providing more reliable data than those deter-
mined by counting the bacteria under a microscope.

Figure 5. Fluorescence images of E. Coli in LB media irradiated under visible light without (A) and with (B) Se0.07/Te-TiO2 NRs for 1 h. E. Coli cells were stained
with SYTO 9/PI. Green fluorescent stains are representative of live cells while red fluorescent stains are representative of dead or compromised cells. (C) and
(D): live/dead cell ratios of E. Coli in LB media incubated with as-prepared NMs and TiO2 NPs under (C) irradiation with visible light or (D) in the dark. Live/
dead cell ratios of S. aureus in LB media incubated with the as-prepared NMs and TiO2 NPs under (E) light irradiation or (F) in the dark. The live/dead ratios
were calculated from the fluorescence measurement according to the manufacturer’s guide of the BacLight Bacterial Viability and Counting Kit from Invitro-
gen. The control experiments are the cells under irradiation with visible light or in the dark in the absence of any of the NMs.
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Under visible-light irradiation (Figure 5 C), the decreasing
order of the viability of E. coli was TiO2>Te-TiO2>Se0.02/Te-
TiO2>Se0.05/Te-TiO2>Se0.07/Te-TiO2. After 60 minutes, the viabili-
ty values were 83, 65, 37, 23, and 11 % in the presence of TiO2,
Te-TiO2, Se0.02/Te-TiO2, Se0.05/Te-TiO2, and Se0.07/Te-TiO2 NMs (all
100 mg mL�1), respectively. All three Se/Te-TiO2 NRs provided
live/dead ratios of E. coli less than 0.4 within 1 hour after irradi-
ation with visible light. Without light irradiation (Figure 5 D),
the decreasing order of the viability of E. coli in the presence
of various NMs was TiO2>Te-TiO2>Se0.02/Te-TiO2>Se0.05/Te-
TiO2>Se0.07/Te-TiO2. After 60 minutes, the viability values were
90, 79, 67, 58, and 49 % in the presence of TiO2, Te-TiO2, Se0.02/
Te-TiO2, Se0.05/Te-TiO2, and Se0.07/Te-TiO2 NMs (all 100 mg mL�1),
respectively. The antibacterial activity of these compounds in
vitro is due to the strong oxidative nature of tellurium and/or
selenium elements.[43] The antibacterial activities of the NMs
against S. aureus are shown in Figure 5 E,F with/without being
subjected to irradiation with visible light. Under this irradiation
(Figure 5 E), the decreasing order of the viability of S. aureus
was TiO2>Te-TiO2>Se0.02/Te-TiO2>Se0.05/Te-TiO2>Se0.07/Te-TiO2.
After 60 minutes, the viability values were 87, 73, 61, 47, and
32 % in the presence of TiO2, Te-TiO2, Se0.02/Te-TiO2, Se0.05/Te-
TiO2, and Se0.07/Te-TiO2 NMs (all 100 mg mL�1), respectively. The
decreasing order of the viability of S. aureus in the presence of
the NMs was TiO2>Te-TiO2>Se0.02/Te-TiO2>Se0.05/Te-TiO2>

Se0.07/Te-TiO2 without visible-light irradiation (Figure 5 F). After

60 minutes, the viability values were 92, 83 , 74, 67, and 60 % in
the presence of TiO2, Te-TiO2, Se0.02/Te-TiO2, Se0.05/Te-TiO2, and
Se0.07/Te-TiO2 NMs (all 100 mg mL�1), respectively. The antibacte-
rial activity of traditional TiO2 NPs results from the formation of
reactive oxygen species (ROS).[44] The ROS generation on or
near the TiO2 surface causes oxidative damage to cell mem-
branes and inactivate microorganisms. Our results revealed
that the as-prepared Te-TiO2 and Sen/Te-TiO2 NRs generated
greater amounts of ·OH and thus provided higher photocata-
lytic activity than the commercial TiO2 NPs upon irradiation. In
the dark, the TiO2 NPs show nearly no activity, but the Te-TiO2

and Sen/Te-TiO2 NRs both had strong activity.
To further understand the antibacterial properties of the as-

prepared Te-TiO2 and Sen/Te-TiO2 NRs against the bacteria, the
ions released from the Te-TiO2 and Sen/Te-TiO2 NRs in the pres-
ence of E. Coli in the LB media over different times as well as
with or without with visible light were investigated (Figure 6).
The ICP-MS data reveal that after irradiation for 60 minutes the
concentrations of the released TeO3

2� ions were nearly 45 ppb
for Te-TiO2 and three Sen/Te-TiO2 NRs, and the concentrations
of the released SeO3

2� ions from the Se0.02/Te-TiO2, Se0.05/Te-
TiO2, and Se0.07/Te-TiO2 NRs were 17, 29, and 53 ppb, respective-
ly. These results indicate that the Sen/Te-TiO2 NRs relative to Te-
TiO2 NRs provided greater antibacterial activity, mainly owing
to the presence of selenium and the released SeO3

2� ions. The
concentrations of the released ions were almost the same

Figure 6. Dissolved TeO3
2� and SeO3

2� ions from Te-TiO2 and Sen/Te-TiO2 NRs during the bactericidal processes in LB media for 1 h. (A) and (B): irradiated with
visible light ; (C) and (D): in the dark.
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under irradiation with visible light or in the dark. The concen-
trations of TeO3

2� and SeO3
2� ions in the media decreased

gradually over 0–60 minutes. The decreasing order of the re-
leased SeO3

2� ions from the Sen/Te-TiO2 NRs was Se0.07/Te-TiO2>

Se0.05/Te-TiO2>Se0.02/Te-TiO2. This order is consistent with the
result of the antibacterial activity in the dark. Thus, the antibac-
terial activities of Sen/Te-TiO2 NRs were also analogous to the
released TeO3

2� and SeO3
2� ions, which are toxic to most mi-

croorganisms mainly because of their strong oxidative
nature.[45] The results reveal that the formation of TeO3

2� and
SeO3

2� ions is mainly responsible for the antibacterial activity
of the Sen/Te-TiO2 NRs in the dark. Because the concentrations
of the released TeO3

2� and SeO3
2� ions were almost the same

with/without irradiation with visible light, greater antibacterial
activity of the tested NRs under irradiation conditions is due to
their catalytic production of ROS.

Conclusion

Te-TiO2 NRs and Sen/Te-TiO2 NRs with exposed {100} facets were
prepared and tested as efficient photocatalysts and antibacteri-
al agents against E. coli and S. aureus. By doping Se and Te
onto the TiO2 NRs, the photocatalytic activity towards the pro-
duction of ·OH increased as a result of an increase in the UV/
Vis absorption. In addition to the generation of ROS, the re-
leased TeO3

2� and SeO3
2� ions were responsible for enhancing

the antibacterial activity of the Sen/Te-TiO2 NRs. Relative to
commercial TiO2 NPs, the Te-TiO2 NRs and Se0.07/Te-TiO2 NRs
provide 2.5- and 4.5-fold higher photocatalytic activities. The
low cost and high efficiency Se0.07/Te-TiO2 NRs are quite stable
and biocompatible, thus showing great practical potential as
new and efficient antibacterial agents.

Experimental Section

Preparation of Na-titanate nanotubes

P25 powder (1 g) was added to an aqueous solution of NaOH
(10 m, 40 mL), and then transferred to a stainless-steel autoclave
(50 mL) lined with Teflon. The sealed autoclave was heated in an
oven at 200 8C for 24 hours, and then cooled in air. The obtained
solution of Na-titanate nanotubes was subjected to three cycles of
centrifugation and washing; centrifugation was conducted at
8000 rpm (Hettich Universal 32R, Tuttlingen, Germany) for 10 mi-
nutes and ultrapure water (40 � 3 mL) was used to wash the pel-
lets.

Synthesis of anatase Te-TiO2 NRs

The tellurite (TeO3
2� ; 10 mm) ions were prepared by dissolving

TeO2 powder (0.064 g) in an aqueous solution of NaOH (20 mm,
40 mL). The as-prepared Na-titanate nanotubes were dispersed
into a solution of TeO3

2� (40 mL). After 30 minutes, the mixture was
subjected to three cycles of centrifugation (8000 rpm, 10 min) and
washed (40 � 3 mL ultrapure water) to obtain tellurite ions ad-
sorbed on Na-titanate nanotubes. The pellet was dispersed in ultra-
pure water (40 mL) and then NaBH4 solution (10 mm, 5 mL) was
added to the solution of TeO3

2� adsorbed Na-titanate nanotubes
during magnetic stirring. After 10 minutes, the mixture was sub-

jected to three cycles of centrifugation (8000 rpm, 10 min) and
washed (40 � 3 mL ultrapure water) to obtain Te-titanate nano-
tubes. To prepare Te-TiO2 NRs, the Te-titanate nanotubes were dis-
persed in deionized water (40 mL) and then transferred to a stain-
less-steel autoclave (50 mL) lined with Teflon. The sealed autoclave
was heated in an oven at 200 8C for 24 hours, and then cooled in
air.

Synthesis of anatase Sen/Te-TiO2 NRs

The selenite (SeO3
2�) solution (100 mm) was prepared by dissolving

SeO2 powder (0.44 g) in ultrapure water (40 mL). The as-prepared
Te-TiO2 NMs were dispersed in water (40 mL). Aliquots of SeO3

2�

solution were added to the as-prepared Te-TiO2 solutions (each
40 mL), with final SeO3

2� concentrations of 2, 5, and 10 mm. After
30 minutes, the mixtures were subjected to three cycles of centri-
fugation (8000 rpm, 10 min) and washed (40 � 3 mL ultrapure
water) to obtain selenite ions adsorbed Te-TiO2 NRs. The pellets
were separately dispersed in ultrapure water (40 mL). Then aliquots
(10 mm, 5 mL) of NaBH4 solution were separately added into the
solutions under magnetic stirring. After 10 minutes, the mixtures
were subjected to three cycles of centrifugation (8000 rpm,
10 min) and washed (40 � 3 mL ultrapure water) to obtain brown
Sen/Te-TiO2 NRs.

Photocatalytic activity measurement

The photocatalytic activities of the as-prepared Te-TiO2 NRs, Sen/Te-
TiO2 NRs, and commercial TiO2 NPs were evaluated by determining
the production of ·OH in aqueous solutions at ambient tempera-
ture. The NMs (5 mg) were separately suspended in NaOH solution
(10 mm, 10 mL) containing terephthalic acid (3.0 mm). The mixtures
were stirred in the dark for 30 minutes, allowing the mixtures to
reach equilibrium before irradiation with visible light using a 450-
W xenon arc lamp equipped with a 420 nm cutoff filter. The light
source was positioned 30 cm above the mixtures. During the pho-
toreactions, no oxygen was bubbled into the suspensions. Aliquots
(1.0 mL) of the solutions were taken out every 20 minutes. After
being subjected to centrifugation (8000 rpm, 10 min), the fluores-
cence spectra (excitation wavelength 320 nm) of the supernatants
were recorded.

Antibacterial test

E. coli DH5a and S. aureus were grown in sterile LB media. The
media were prepared by dissolving bacto-tryptone (2.5 g), bacto-
yeast extract (1.25 g), and NaCl (2.5 g) in H2O (250 mL), which was
then adjusted to pH 7.0 by adding NaOH (5.0 m). A single colony of
each strain was lifted from an LB agar plate and inoculated in LB
media (10 mL). The cultures were then grown overnight until the
absorbance at the wavelength 600 nm (A600) reached 1.0. A portion
of each of the cell mixtures (1 mL) was centrifuged (4000 rpm,
10 min) and washed three times with 0.85 % sodium chloride (3 �
1 mL) to remove the matrix. Cells diluted to 4.0 � 108 CFU mL�1

were treated in LB media with/without one of the NMs (Te-
TiO2 NRs, Sen/Te-TiO2 NRs, and TiO2 NPs; 100 mg mL�1), which were
either irradiated using visible light (60 min) or not. The viability
assay was conducted using SYTO 9 (6 mm) and propidium iodide
(PI ; 30 mm) stains. Each of the cell samples was then subjected to
three cycles of centrifugation/washing to remove the matrix; cen-
trifugation at 4000 rpm for 10 minutes; wash with 0.85 % sodium
chloride (3 � 1 mL). Each of the bacterial suspension (100 mL) was
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dispensed in a 96-well plate, and then the dye mixture (100 mL)
was added to each well. The mixtures were incubated for 15 mi-
nutes at ambient temperature. Fluorescence intensities of SYTO 9
(green; excitation wavelength: 475 nm, emission wavelength:
530 nm) and PI (red; excitation wavelength: 475 nm, emission
wavelength: 640 nm) were recorded. The green/red fluorescence
intensity ratio was used to calculate the ratio of live/dead cells.
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